Jef D. Boeke 23

Institute for Systems Genetics 24
NYU Langone Health 25
East 30th Street 26
Room 917 27
New York, NY 10016 28
Jef.Boeke@nyulangone.org 29 (646) 501-0503formation of the recombinants is the regions of sequence identity shared between the 72 commonly used yeast shuffle vectors of the pRS400 series (Sikorski and Hieter 1989) . 73
Because of this, the ratio of true positives to false positives is considerably lower 74 therefore decreasing the likelihood of isolating correct colonies. As yeast has become a 75 favored organism for industrial biotechnology (Buijs et Here, we developed a new plasmid shuffling vector dubbed the "Superloser 80
plasmid" -alluding to its inability to survive 5-FOA counterselection, resulting in 81 exceedingly low background when used in plasmid shuffling experiments. The 82
Superloser plasmid has very short (and strategically inverted) regions of sequence 83 identity to commonly used yeast vectors, and its loss from the population can be 84 promoted by galactose induction, which drives transcriptional inactivation of the 85 centromere. The combined effects of these features is a system with a much lower 86 background of 5-FOA R variants in shuffling experiments. We show that Superloser 87
Materials and Methods 95
Strains and media 96
All yeast strains used in this study are described in Table 1 . 5-Fluoroorotic Acid 97
Monohydrate (FOA, 5-FOA) was purchased from US Biological (Cat. F5050) and used 98 at a concentration of 1 mG mL -1 . Yeast strains were cultured in yeast extract peptone 99 dextrose (YPD) or synthetic complete media (SC) with appropriate amino acids dropped 100 out. All yeast transformations were carried out using standard lithium acetate 101
procedures. 102 103
Cloning was performed in Top10 Escherichia coli grown in either Luria Broth (LB) or 104
Super Optimal broth with Catabolite repression (SOC) media. To select transformants 105
with drug resistant genes, either carbenicillin (75 g mL -1 ) or kanamycin (50 g mL -1 ) 106 was used where appropriate. 107 fragments of URA3, URA3syn, and the Superloser v1 backbone. Both Superloser v1 117 and v2 have been deposited with Addgene and are available upon request. 118
119
Spontaneous 5-FOA resistant mutant assay 120 BY4741 was transformed with either pDT137-LEU2 or pRS416-LEU2. Forty-six 121 transformants from each were grown overnight in 1 mL of SC-Leu-Ura in a 96-deep 122 well plate. The following day, the cultures were centrifuged at 3000 rpm for 3 min to 123 remove the medium, washed with sterile water, and resuspended in 1 mL of SC-Leu 124 medium. These cultures were then passaged daily for either one or five days in SC-125
Leu. On the final day, the cultures were centrifuged as before and resuspended in 100 126 L of sterile water. From the resuspension, 10 µL was removed and micropipetted onto 127 SC-Leu+5-FOA agar plates (in four replicates). After one week, the number of 128 spontaneous 5-FOA R mutants was determined by colony counting. 129
To calculate the mutation rates, we utilized the P 0 method (Lea were then passaged for three days, and each day ~250 cells were plated to YPD agar. 148
Finally, each YPD plate was replica-plated to both SC-Ura and SC-Leu agar plates and 149 the number of colonies retaining each plasmid was determined. Rate of loss for each 150 plasmid was calculated as follows: First, semi-log nonlinear regressions were performed 151 on the data from each biological replicate of each plasmid (n=3). Second, using the 152 regressions the mean percent loss per cell per generation was calculated as the percent 153 change between timepoints divided by the number of generations per day (assuming 1 154 generation per ninety minutes; or 16 generations a day (Sherman 1991) ). Lastly, the 155 significance in rate difference between galactose and dextrose for each plasmid was 156 determined by one-way ANOVA analysis of the calculated rates. Table 3 . 172
GoTaq Green Master Mix (Promega, WI) was used for amplification with the following 173 PCR conditions were used: 35 cycles of 98° for 30sec, 55° for 30sec, and 72° for 45sec. 174
175
Results
176
Design of the Superloser Plasmid 177
We designed Superloser to be maximally effective for "aggressive" plasmid Lastly, we wanted to confirm that the URA3syn marker complemented as well as 228 the native URA3 marker. To this end, we cloned either the URA3 or URA3syn marker 229 into pRS415 and performed dot assays on SC-Leu and SC-Ura agar plates. We find 230 that the URA3syn marker complements URA3 and is indistinguishable from the URA3marker ( Figure 2E ). In sum, we conclude that the addition of a second URA3 marker 232 aids in reducing the rate of spontaneous 5-FOA to give the rate of plasmid loss per generation with and without galactose (Table 4) . In 251 the presence of dextrose Superloser was naturally lost at a mean rate of 1.6% per cell 252 per generation, similar to the rate of loss of other CEN plasmids (Panzeri et al. 1984; galactose, Superloser was lost at a mean rate of 5.4% per cell per generation. As 255 controls, we show that loss of either pRS416 or pRS415 was not affected by addition of 256 galactose and each plasmid has similar rates of loss compared to Superloser in 257 dextrose -although we note pRS416 is lost more slowly in comparison to pRS415 or 258 pDT137, perhaps due to its smaller size ( Figure 3C and Table 4 
Humanization of yeast histones 265
The benefits of reduced sequence similarity, dual orthogonal URA3 markers, and 266 inducible loss of Superloser should allow for the shuffling of highly deleterious genes 267 while maintaining low background. As a proof-of-principle for swapping highly unfavored The number of colonies isolated from the normal shuffle strain averaged 277 281 colonies per plate, whereas from the Superloser shuffle strain averaged 7 colonies per 282 plate -a 38-fold decrease (Figure 4, B and C) . This suggested lower rates of 283 recombination between the two shuffle plasmids in the Superloser strain, as expected. 284
Further, we note that the majority of the total colonies isolated from the normal shuffle 285 strain grew prior to three weeks (97%), whereas a smaller portion (82%) grew prior to 286 three weeks from the Superloser shuffle strain ( Figure 4D ). In addition, all biological 287
replicates from the normal shuffle plasmid gave rise to colonies whereas only ~70% of 288 replicates with Superloser plasmid gave rise to colonies ( Figure 4E 
unpaired t-test). Considering only the Superloser 295
when induced with galactose, we observed a 270-fold decrease in 5-FOA R colonies, or 296 a 99.6% decrease in the background ( Figure 5A ; p=<0.0001, unpaired t-test). Next, we 297 used PCRtag analysis to test colonies arising post-three weeks for successful 298 humanization ( Figure 5B ). From the experiments using the Superloser plasmid we 299 isolated 11 successfully humanized clones out of 50 tested. However, we did not isolateany successfully humanized clones when using the normal shuffle plasmid (0/14). In the 301 original study (Truong and Boeke 2017) only 7 such colonies were ever isolated, after 302 very laborious experiments using the conventional shuffle vector. Based on the 303 increased proportion of colonies arising post-three weeks and the dramatic increase in 304 the ease of isolating true positives, we conclude that Superloser effectively shuffles 305 yeast and human histone plasmids while reducing the background tremendously. 306
Unexpectedly, we also observed a decrease in the frequency of 5-FOA colonies 307 in the normal strain on galactose compared to dextrose ( Figure 4C , Figure 5A ). We are 308 not aware of any mechanisms to explain this decrease in background. However, it is not 309 due to growth rate differences in galactose vs. dextrose media or fewer replication 310 events under galactose conditions because the OD600 of the initial overnight cultures 311 was not significantly different between dextrose and galactose ( Figure 6A ). Further, no 312 significant correlation between the initial OD600 and the frequency of 5-FOA resistant 313 colonies was found for either yDT51 (R-squared 0.01743; p=0.4167) or yMAH302 (R-314 squared 2.571e-6; p=0.9934) ( Figure 5B) -further supporting that the observed 315 difference in 5-FOA R colonies is not due to growth differences. Lastly, galactose had no 316 effects on plasmid retention in our other experiments. Therefore, we suggest that 317 galactose seems to have a net negative effect on recombination, resulting in fewer 318 The Superloser system is likely to be extremely useful for almost any plasmid 344 shuffling application where background is a problem, such as the selection of rare 345 mutants eliciting a highly specific, but rare phenotype, such as e.g. osmotic plates, note that galactose had no effect on the mean initial OD600 of yDT51 (n=20); 547 two-tailed unpaired t-test. 548 (b) Plots of initial OD versus calculated frequency of 5-FOA resistance. Semi-log 549 nonlinear regressions are shown. 
